




















this	 study	 presents	 a	 numerical	 investigation	 of	 a	 hybrid	 photovoltaic-thermoelectric	 system	 with	 and	 without	 a	 flat	 plate	 heat	 pipe.	 A	 detailed	 comparative	 analysis	 of	 the	 electrical	 performance	 of	 the	 photovoltaic	 only,	 photovoltaic-thermoelectric	 and
photovoltaic-thermoelectric-heat	pipe	systems	is	performed.	The	influence	of	solar	concentration	ratio,	ambient	temperature,	wind	speed	and	thermoelectric	generator	cold	side	temperature	on	the	efficiency	and	power	output	of	the	photovoltaic	only	and	hybrid
photovoltaic-thermoelectric	 systems	 are	 studied	 using	 COMSOL	 5.4	 Multiphysics	 software.	 A	 three-dimensional	 finite	 element	 study	 is	 carried	 out	 and	 temperature	 dependent	 thermoelectric	 material	 properties	 are	 considered	 to	 increase	 the	 simulation
















































































































































































Material Reflectivity Absorptivity Transmissivity Emissivity
Glass 4.00 × 10−2 4.00 × 10−2 9.20 × 10−1 8.50 × 10−1
EVA 2.00 × 10−2 8.00 × 10−2 9.00 × 10−1
Polycrystalline	silicon 8.00 × 10−2 9.00 × 10−1 2.00 × 10−2
TPT 8.60 × 10−1 1.28 × 10−1 1.20 × 10−2 9.20 × 10−1
Table	4	Remaining	material	properties	used	for	simulation	[28,34,41].
Heat	capacity,	 [J/(kgK)] Density,	 [kg/m3] Seebeck	coefficient,	 [V/K] Electrical	conductivity,	 [S/m] Thermal	conductivity,	 [W/(mK)] Dynamic	viscosity,	mu	[Pa·s]
Glass 5 × 102 2.45 × 103 – – 2.00 –
EVA 2.09 × 103 9.60 × 102 – – 3.11 × 10-1 –
Silicon 2.09 × 103 2.33 × 103 – – 1.30 × 102 –
TPT 1.25 × 103 1.20 × 103 – – 1.50 × 10-1 –
Vapor 1874 – – 0.0188 8.9 × 10-6
Water 4180 1000 – – 0.61 –
Alumina 900 3900 – – 27 –
Bi2Te3	(p-n	types) 154 7700 Table	1 Table	1 Table	1 –





where	 ,	 and	 are	density,	 specific	heat	capacity	and	 thermal	conductivity	of	each	 layer.	 is	 the	 temperature,	 can	be	defined	as	 the	 volumetric	 solar	 energy	absorption	by	each	 layer	 and	 is	 the	 electrical	 power	 generation	 per	 volume	 which	 is
zero	for	all	layers	except	the	polycrystalline	silicon	cell	layer.
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where	 ,	 and	 are	 the	absorptivity,	 reflectivity	and	volume	of	 the	 ith	 layer	 respectively.	 can	be	defined	as	 the	solar	 radiation	 intensity	 received	at	each	 layer,	 is	 the	associated	volumetric	heat	 source	at	each	 layer,	 is	 the	 area	 of	 the	 ith	 layer
and	 is	solar	concentration	ratio.
In	the	polycrystalline	silicon	layer,	power	generation	is	considered	as	an	internal	heat	sink	and	can	be	defined	as	[33]:



















where	 is	the	density,	 is	specific	heat	capacity,	 is	temperature,	 is	heat	flux	vector	and	 is	the	heat	generation	rate	per	unit	volume.
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where	 is	the	open	circuit	voltage,	 is	the	Seebeck	coefficient	and	 is	the	temperature	difference	between	the	hot	side	and	cold	side	of	the	thermoelectric	generator.
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where	 is	the	vapor	pressure	drop,	 is	capillary	pressure	drop,	 is	liquid	pressure	drop	in	wick	and	 is	pressure	drop	due	to	gravitation	and	acceleration.
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The	three-dimensional	numerical	simulations	 in	 this	study	are	performed	using	COMSOL	5.4	Multiphysics	software	which	 is	based	on	finite	element	method.	The	heat	 transfer	 in	solid	and	 liquid	 interface,	 laminar	 flow	 interface,	electric	current	 interface	and
electrical	circuit	interface	are	all	used	to	perform	the	numerical	study.	Heat	transfer	in	liquid	is	considered	for	the	vapor	chamber	and	boundary	heat	flux	are	used	to	describe	the	convective	heat	flux	as	appropriate.	Domain	heat	source	is	used	to	describe	the	energy
absorption	in	each	of	the	PV	layers	and	surface-to-ambient	radiation	interface	is	used	to	describe	the	radiative	heat	loss.	In	addition,	a	temperature	boundary	condition	is	applied	to	the	TEG	cold	side	and	a	porous	medium	interface	is	applied	to	the	wick.	In	the	laminar	flow
interface,	an	 inlet	boundary	condition	 is	set	at	 the	top	surface	of	 the	vapor	chamber	with	pressure	set	 to	 the	saturation	pressure	and	normal	 flow	direction	 is	used.	Furthermore,	no	slip	wall	condition	 is	used.	 In	all	 the	simulation,	 the	solar	radiation	 intensity	 is
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1000 W/m2	although,	different	concentration	ratios	are	applied	to	increase	this	intensity.	In	addition,	the	inbuilt	COMSOL	PARDISO	(Parallel	Sparse	Direct	Solver)	is	used	and	a	fully	coupled	direct	linear	solver	is	also	used	to	perform	the	numerical	study.
3.6	Model	validation




Number	of	domain	elements Element	size Average	cell	temperature	(K) Overall	hybrid	power	output	(W)
70,269 Coarse 310.72 0.798606514
148,342 Normal 310.72 0.798597914
328,627 Fine 310.72 0.798587814
1,205,452 Finer 310.71 0.798598067
3,547,403 Extra	fine 310.71 0.798598067
Secondly,	to	validate	the	model	and	numerical	simulation	methods	used	in	this	study,	a	comparison	is	made	with	previous	works	found	in	the	literature.	The	PV	model	presented	in	[34]	is	used	to	validate	the	present	PV	model	in	this	study.	Simulation	conditions
are	reset	to	those	presented	in	[34]	and	the	result	is	shown	in	Fig.	2a.	The	TEG	model	presented	in	[42]	is	used	to	validate	the	present	TEG	model	used	in	this	numerical	simulations	and	the	same	conditions	used	are	reset	in	this	study	for	accurate	comparison.
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As	can	be	seen	from	Fig.	2a	and	b,	the	numerical	model	developed	in	this	study	is	in	a	very	good	agreement	with	previous	models	available	in	literature.	The	results	are	very	identical	therefore	it	can	be	concluded	that	the	results	obtained	from	this	present	study

















































Asides,	the	amount	of	 input	heat	flux	available	to	the	TEG,	the	cooling	effectiveness	of	the	TEG	is	the	other	most	 important	factor	that	 influences	the	performance	of	the	device.	This	is	because,	effective	cooling	at	the	cold	side	of	the	TEG	creates	a	larger
temperature	difference	across	 the	TEG	 thus,	more	power	can	be	generated.	Fig.	6	 shows	 the	performance	of	 the	PV-TE	and	PV-TE-Heat	pipe	as	 the	cold	side	 temperature	of	 the	TEG	 is	varied	when	 the	ambient	 temperature	 is	298.15 K,	wind	speed	 is	1 m/s	 and
Fig.	5	Variation	of	wind	speed	with	(a)	overall	(b)	PV	(c)	TE	efficiency	and	power	output.
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concentration	ratio	is	6.	It	can	be	seen	from	Fig.	6a	that	the	efficiency	and	power	output	of	both	hybrid	PV-TE	systems	decrease	as	the	TEG	cold	side	temperature	increased	because	the	contribution	of	the	TEG	to	the	overall	efficiency	will	decrease	significantly	due	to	the
lesser	temperature	difference	available	to	the	device.	In	addition,	Fig.	6b	shows	that	the	power	output	and	efficiency	of	the	PV	in	PV-TE	and	PV-TE-Heat	pipe	decrease	as	the	TEG	cold	side	temperature	increases	because	of	the	inadequate	cooling	provided.	As	expected,
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